Abstract: Autonomous robots are of prime importance in everyday life because of their capability to handle the non-linear situations. This paper describes the autonomous robot motion control system based on fuzzy logic proportional integral (PI) controller that reaches to its target value faster than others. Fuzzy rules are embedded in the controller to tune the gain parameters of PI controller and to move the robot along the task trajectory with variation in heading angle (θ) towards the target to make it helpful in real time applications. It discusses the design aspects of the fuzzy PI controller for controlling the dynamics of autonomous robot that have higher distribution rejection properties (DRP), low settling time (ST) and high adaptability towards the variation in the angle towards the target. The performance of a robot (RM) has been verified using MATLAB and results obtained have been found to be robust. Overall, the performances criteria in terms of its response towards ST, target acquisition (TA) and DRP have been found to be good.
Introduction
Today is the era of intelligent autonomous machines which are capable of operating under a dynamic environment. Autonomous robots are among one of the most exciting topics in this field. They are capable to move effectively in an ill defined environment. So, they are expected to assist human beings and also replace them in hazardous operations. Therefore, the field of robotics is of primary importance. Autonomous robots are capable of extracting information from their surroundings and use it to do their tasks. They must be autonomous to move safely in a meaningful manner specifying what the user wants to be done, rather than how to do it without further human intervention. They have to be intelligent to determine all possible actions in an unpredictable environment using information from various sensors (Tomei, 1991; Wang, 1992; Passino, 1995) . The operator can transfer his knowledge in advance to the Robot to make it capable of solving complex tasks. When it is performed in an unknown environment it must be capable of acquiring new knowledge through the process of learning. Their learning is essentially concerned with equipping them with the capacity of improving their behaviour over time, based on the incoming experiences. One of the most effective methods which are capable of solving intelligent control problems in autonomous robot is fuzzy logic. Due to their strong learning and cognitive abilities, good tolerance of uncertainty and imprecision, it has found wide applications in the area of advanced control (Zacharie, 2010) . The fuzzy control systems based on mathematical formulation of fuzzy logic have the capability of representing human knowledge and experience as a set of fuzzy rules. Fuzzy robot controllers use human know-how rules in the form of linguistic if-then rules, while fuzzy inference engine computes the efficient control action for a given purpose. Due to high non-linearities of the dynamics of autonomous robots, an advanced control technique is presented in this paper in which fuzzy logic PI controller has been used in system to guarantee a smooth desirable trajectory navigation with variation in heading angle (θ) and azimuthal angle (φ). Gain constants of the PI controller are retuned with the help of fuzzy if-then rules and output is embedded into the moving vehicle which helps the vehicle to move in an unpredictable environment. An autonomous adaptive controller is designed which is flexible as well as adaptive to the ill defined environment. Accuracy of the distribution rejection properties (DRP), settling time (ST) and insensitivity to process parameter variation depends upon the dynamics of the system and thus the adaptability plays an important role under high speed operations. Performance objectives and design constraints of robot are DRP, ST, insensitivity to process parameter variation and adaptability with variation in heading angle (θ) and azimuthal angle (φ) (Perumal, 2011) . This paper is structured as follows. Section 2 summarises the related work for controlling the dynamics of robot motion. In Section 3, motion along the task trajectory is defined and control system is designed based on the fuzzy logic control. Section 4 provides the results and discussion of the designed system and Section 5 concludes the paper.
Related work
A lot of research work has been carried out to develop techniques for obstacle-free motion planning for robots. Still, it requires a lot of attention of researchers because it is the primary requirement for robotics in real time motion. The problem of mobile robot navigation using a fuzzy logic approach in a totally unknown situation is an important area of research to find optimal collision-free path. Tomei (1991) proposed a simple proportional derivative controller similar to that used for rigid robots, which guarantees global set point (SP) regulation, sufficient to globally stabilise the elastic joint robots about a reference position (Tomei, 1991) . Wang (1992) proved fuzzy logic systems as universal approximators in which by using the Stone -Weierstrass theorem he proved that fuzzy systems with product inference, centroid defuzzification, and a Gaussian membership function are capable of approximating any real continuous function on a compact set to arbitrary accuracy and Passino (1995) presented a mixture of intelligence and conventional control methods to implement autonomous systems. Zacharie (2010) proposed a method consisting of two components, process monitor that detects changes in the process characteristics and the adaptation mechanism that used information passed to it by the process monitor to update the controller parameters. They used adaptive fuzzy knowledge-based controller. Perumal (2011) gave practical application of fuzzy logic to represent unmodelled parameters in direct control and is demonstrated by controlling angular position of a pneumatic rotary actuator. Sood (2011) described an autonomous robot motion control system based on fuzzy logic proportional integral derivative (PID) controller and also discusses the design aspects of the fuzzy PID controller for mobile robots that decrease rise time, remove steady state error quickly and avoids overshoot. Chatterjee and Watanabe (2005) developed a self-tuned PID type fuzzy controller for the motion control of robot manipulators with small incremental complexity over conventional fuzzy controllers, which can attain satisfactory performance. Lee and Gonzalez (2008) compared three different control algorithms for a muscle-like actuated arm developed to replicate motion in two degrees-of-freedom by using PID controller. The PID controller resulted in the most accurate movement tracking after fine tuning the control gains. Limnaios and Tsourveloudis (2012) designed a fuzzy logic-based controller for a coaxial micro helicopter for attitude, and position control is tested through simulations on an identified non-linear model of the helicopter. A reactive shared-control system that enables a semi-autonomous navigation of a wheelchair in unknown and dynamic environments with the purpose to assist wheelchair users providing an easier and safer navigation by using a fuzzy-logic controller was presented (Pires and Nines, 2002) . Lee and Vukovich (2008) developed fuzzy logic-based, indirect adaptive control algorithm applied to trajectory control of a flexible link manipulator which is characterised by a very flexible link, complex non-linear joint friction, and an unknown internal speed regulating loop. Cheng and Su (2009) developed a fuzzy logic-based feedrate regulator using the approximate contour error information, which adjusts the value of the desired federate. Krohling and Rey (2001) presented a method to design an optimal disturbance rejection PID controller in which first a condition for disturbance rejection of a control system is described and then the design is formulated as a constrained optimisation problem. Cheng and Hwang (1998) proposed the use of a differential evolution algorithm to design a minimum integral of absolute error PID controller to overcome the non-differentiability of the integral of absolute error objective function. Zhao and Collins (2005) developed a robust automatic parallel parking algorithm for parking in tight spaces and also demonstrated the kinematic model of a skid steering autonomous ground robot by simulation. Tong and Li (2009) developed a fuzzy adaptive control approach for a strict-feedback non-linear system with unmeasured states. A fuzzy adaptive observer is introduced for state estimation as well as system identification by using fuzzy logic systems to approximate the unknown non-linear functions and with the help of backstepping design, fuzzy adaptive output feedback control is constructed recursively. Kanakakis et al. (2004) presented fuzzy logic-based general purpose modular control architecture for underwater robot autonomous navigation, control and collision avoidance in which three levels of fuzzy controllers comprising the sensor fusion module, the collision avoidance module and the motion control module are derived and implemented. Ryu et al. (2006) developed a novel automatic parking algorithm based on a fuzzy logic controller with the robot pose for the input and the steering rate for the output. It localises the robot by using only external sensors -a vision sensor and ultrasonic sensors. Cárdenas et al. (2006) developed a tracking controller for the dynamic model of unicycle mobile robot by integrating a kinematic controller and a torque controller based on fuzzy logic theory and presented the results by using simulation. Wang et al. (2009) developed a robust adaptive fuzzy backstepping control for a class of strict-feedback canonical non-linear systems. The fuzzy logic systems were used to approximate the unknown non-linear functions and non-linear damping terms were used to counteract the non-linear dynamic uncertainties and unmodelled dynamics. An integrated motion control scheme is also developed to further reduce contour error. Ishaque et al. (2010) described a control scheme that provides an efficient way to design a fuzzy logic controller for the unmanned underwater robot in which single input fuzzy logic controller reduces the conventional two-input fuzzy logic controller to a single input single output controller. Tong et al. (2010) proposed an adaptive fuzzy-decentralised robust output-feedback-control approach for a class of large-scale strict-feedback non-linear systems with the unmeasured states to possess the unstructured uncertainties, unmodelled dynamics, and unknown high-frequency-gain sign. Fuzzy-logic systems were used to approximate the unstructured uncertainties. Based on the backstepping design and adaptive fuzzy-control methods, an adaptive fuzzy-decentralised robust output-feedback-control scheme was developed. Li et al. (2012) presented adaptive fuzzy output-feedback control for a class of uncertain non-linear systems with unknown backlash like hysteresis and unmeasured states where fuzzy logic systems were used to approximate the non-linear system functions and a fuzzy state observer was designed to estimate the unmeasured states which is combined with the adaptive backstepping technique and adaptive fuzzy control design to develop an observer-based adaptive fuzzy output-feedback control approach. Dong et al. (2013) described two dynamic models of high-speed train, namely a single-mass model and a unit-displacement multi-particle model. Based on the former, a direct fuzzy logic controller is designed, and on the latter, a new fuzzy controller incorporating the implication logic is designed. Li et al. (2013) proposed an adaptive fuzzy output feedback approach for a single-link robotic manipulator coupled with a brushed direct current motor with a non-rigid joint. The controller was designed to compensate for the non-linear dynamics of mechanical and electrical subsystems. An adaptive fuzzy filter observer was designed to estimate the immeasurable states by using fuzzy logic. Adaptive backstepping and dynamic surface control techniques were combined to develop an adaptive fuzzy output feedback control approach.
Motion along the task trajectory
The proposed robot is a system of mass m, which is moving on the surface of earth of radius 'a' under the action of gravitational force and takes into account the non-holonomic constraints. Therefore the movement of the robot is time independent. The constraints on the motion of the robot are 0 r a − ≥
During its motion on the surface of earth equality sign holds, therefore robot will follow:
where r = arbitrary radius of earth. The motion of the proposed robot along the task trajectory is defined only in terms of θ (Heading Angle) and φ (Azimuthal Angle) because the value of 'a' is constant for any spherical body as shown in Figure 1 (Lee and Vukovich, 2000) .
Figure 1 Dynamic model of robot
Since only two constraints, i.e., θ and φ are there on the movement of the Robot along the task trajectory. Therefore, motion of the robot in its domain is given by:
where L = Kinetic Energy (KE) -Potential Energy (PE).
If (x, y, z) are the Cartesian coordinates and (r, θ, φ) are spherical coordinates of robot. Then, the relation between them is:
sin cos
And . .
Therefore, the equation of motion of the Robot under V (a, θ, φ) are:
Control system
The control system of the proposed Robot is PI controller which is widely used to control various industrial objects. Because of the contribution from integral term (I) of PI Controller, the output is free from the magnitude of error as well as from the duration of error. Therefore, it accelerates the movement of the Robot towards SP and eliminates the residual steady state error that occurs with a proportional controller (Perumal, 2011 
where e(t) is the error in the desired value of gain constants and actual value. A PI controller can adjust process output based on the rate of change of the error signal. Therefore, its performance totally depends upon the tuning of its gain parameters. Since PI controller itself is static in nature so it cannot retune the gain parameter automatically with change in operating point conditions. Therefore, there is a need to embed the fuzzy logic in it so that it can adapt the change automatically (Cárdenas et al., 2007) .
In the proposed work gain parameters have been controlled using fuzzy control logic because it has good control effect for the objects with the non-linear characteristics. The basic idea behind our fuzzy PI controller is to design a controller using fuzzy logic to adjust the gain parameters of PI so that the motion of Robot can be controlled under various non-linear conditions. In the absence of knowledge of the underlying process, a fuzzy PI controller is the best controller that reaches to its target value faster than others because of its immunity towards the amount of error and its occurrence time. The response of the controller is described in terms of the responsiveness of the controller to an error, the degree to which the controller overshoots the SP and the degree of system oscillation. In this method, fuzzy control is used to optimise the input and output factors of the controller so as to optimise the ST, TA and DRP. Gain parameters of the PI controller are tuned by using standard Zeigler-Nicholas method (Zacharie, 2010) . Every time to change in operating condition, the value of gain constants is incremented in small steps by using the following equations:
where Δk p , Δk i are the increments in k p and k i and f 1 , f 2 are the non-linear mathematical mapping done by the fuzzy system (Perumal, 2011) . With variation in movement of robot, value of Δe(t) at time 't' will be:
which is the difference in error in the robot position at time t. Based on this , a technique for the fuzzy PI controller is proposed in which robot follows the trajectory depending upon the variation in θ and φ. With input variation for each step, the fuzzy controller examines the variation of SP and PV calculate the change in error Δe(t) and Δk p , Δk i are calculated accordingly (Chatterjee and Watanabe, 2005) . At each instant of time t, the values of PI gains are incremented depending upon the value of Δk p and Δk i . Fuzzification is done by using Triangular Fuzzifier to suppress steady state error and overshoot in the Robot Movement (RM). If 'U' is the universe of discourse in which the robot is moving and x * is the real valued point showing the position of robot along its task trajectory then fuzzifier will map x * ∈ U to a fuzzy set A U ′ ∈ by the function:
where 'b i ' is a POS constant and '*' denotes the minimum value, ( ) A μ x ′ is the membership function of A′ and x i is the centre of fuzzy set (Perumal, 2011) .
Online adjustment is done by using IF-THEN rule and gets the crisp value by the weighted average defuzzification method as shown in Figure 2 . This method of defuzzification for triangular fuzzifier gives the crisp control value in the abscissa of centre gravity of fuzzy set and given by:
where x i is centre of the i th fuzzy set.
Optimisation

Design of knowledge base
For the optimisation of the design, knowledge base is divided in to two parts in the proposed work, i.e., rule base and database. Rule-based consist of fuzzy control IF-THEN rules and database consists of partition of 'U'. The principle of fuzzy logic systems is to express human knowledge in the form of linguistic IF-THEN rules. Rules in the common form can be represented as:
Linguistic terms such as positive big (PB), positive medium (PM), positive small (PS), zero (ZE), negative small (NS), negative medium (NM), negative big (NB), are defined for RM by fuzzy sets defined on the corresponding universes of discourse. Terms such as 'Positive' (POS), 'Zero' (ZR) and 'Negative' (NEG) are defined for the heading angle (θ) and azimuthal angle with respect to the Target (TGT) having linguistic terms Near (NR), Medium (Med) and Far (FR). Terms such as High (HGH), Medium (Med) and Low (LW) for DRP, ST, k p and k i . The interface mechanism used is Mamdani and membership functions are triangular (Chatterjee and Watanabe, 2005 
The results and discussion
The adaptive controller presented in this paper is a fuzzy logic controller that controls the dynamics of the robot by combining the non-linear fuzzy rules to control the gain parameters of the PI controller. The rules embedded in the fuzzy logic controller have to be designed by the designer of the controller. When there is variation in the domain of the robot, the PI controller must change its k p and k i gain parameters so that robot has higher DRP, low ST and high adaptability towards TA. The fuzzy rules for this are listed in the database (rule no. 1 to 22). All the rules are verified in MATLAB using fuzzy logic toolbox and results are discussed ahead. According to rule no. 2 if value of k p is MED then DRP will be HGH and robot will move PB which shows that k p must have value neither too low nor too large as shown in Figure 3 . If the value of k p is LW and DRP is MED then the movement will be NB (rule no. 3). Also, if the value of k p is LW then DRP is LW and movement will be NB (rule no. 4). Therefore, the results shown that by keeping the values of k p in intermediate range, the movement of robot will be fast. If value of k p is kept high the system is becoming unstable and robot is moving slow and if k p is too low then also its movement is also equivalent to 0 because at low k p control action is too small for system disturbance as shown in Figure 4 .
If DRP of the robot is too low then robot has negligible movement. As its value goes on increasing with k p then RM is also going to increase and the proposed controller is able to reach its target value as shown in Figure 5 .
Various results are also verified in MATLAB by plotting 3D diagrams between k p and DRP as input and RM as output. Also, different rules are plotted in Figure 6 . Change in colour map of Figure 6 is very smooth from low motion of RM to its high motion according to different rules which shows that proposed controller is robust and platform independent. Similarly, k i is kept in range LW to MED so as to avoid overshoot and to reduce the ST so that TA can be done in minimum time as shown in Figure 7 .
An autonomous controller means a controller with adjustable parameter and a mechanism for adjusting parameter. Due to parameter adjustment, the controller becomes non-linear. In our purposed autonomous controller, the adaptation is done by modifying the membership function in proportion to the undesired effect. Also, controller's adaptability towards TA has been increased by controlling the dynamics of motion along task trajectory. The system is found more robust, faster and has a higher probability in obtaining the globally optimal solution. The results have been drawn from MATLAB are represented ahead in Figure 8 which shows that as the value of angle between TGT and trajectory is increasing RM is going to increase. The gain constants k p and k i are incremented every time and the output of PI controller is used to vary θ and φ to increase controller's adaptation towards TA. 
Conclusions
Fuzzy control solutions are especially useful for complex systems where standard means such as PID cannot cope with the non-linear conditions of the domain. This paper presents a novel autonomous robot motion controller system by taking the conceptual advantages of fuzzy control rules to control the gain parameter of PI controller. The proposed control system is effective in non-linear situations where the change in situation is unpredictable and the error is random. With change in operating conditions the difference in actual and desired value is obtained automatically and corresponding change in gain parameters, i.e., Δk p , Δk i is calculated which helps the controller to achieve set trajectory. The proposed method is effective in terms of smooth response towards the DRP, ST and TA so that there is a faster and effective response. The results show that the dynamics of RM can be controlled by controlling the gain parameters according to the design. As compared with other methods based on fuzzy control rules, it has been found that the proposed controller has better performance in faster and smoother responses. It has been tested in the MATLAB and found that with change in operating point there is no need to retune it and results are found to be robust. This type of autonomous robot has a lot of real time applications. Flexibility is also an important concern in accurate motion planning. Therefore, it can be a future research area along with accurate trajectory navigation. It can be done with the help of different other methods like inverse kinematics using fuzzy logic and also optimisation can be done with the help of genetic algorithms.
